Essential oils from foliage, bark and heartwood of Cryptomeria japonica D. Don from Azores Archipelago (Portugal) were analyzed by GC and GC-MS. Two populations, of black and reddish heartwood color, were studied. The main compounds found in the foliage of both populations were -pinene (9.6-29.5%), (+)-phyllocladene (3.5-26.5%), ent-kaur-16-ene (0.2-20.6%), sabinene (0.5-19.9%) and limonene (1.4-11.5%), with a large variation in individual compounds from each population. Heartwood oils were characterized by a high content of cubebol (2.8-39.9%) and epi-cubebol (4.1-26.9%) isomers, which were absent in the foliage. Elemol and eudesmol isomers were found in the foliage and heartwood oils, while (+)-phyllocladene was absent in heartwood. Black and reddish bark oils were composed of the diterpenes dehydroferruginol (1.9-5.1%) and ferruginol (2.6-11.5%), along with the sesquiterpenes -cadinene (10.4-15.9%), -muurolene (3.3-5.4%), epi-zonarene (4.0-5.0%), cubenol (9.3-14.0%), -muurolol (4.8-10.7%), -eudesmol (3.0-9.9%), eudesmol (1.9-7.0%) and hedycariol (1.4-6.2%). Azorean C. japonica oils exhibited significant chemical differences compared with native plants from Asia.
Cryptomeria japonica D. Don. (Cupressaceae), also known as Sugi or Japanese cedar, is an Asian conifer that was introduced into the Azores Islands in the mid-19 th century. C. japonica progressively overcame endemic tree species, and nowadays is widely distributed in the islands, representing 57% of the total wood producing forest area, and with sawmills generating wastes having only minor and non-commercial applications [1] . Typically, C. japonica heartwood has a red color, but, in some cases, a black/dark color can also occur, reducing its commercial value [2, 3] . During the last years, the incidence of reddish heartwood color of C. japonica trees in the Azores islands has been declining, leading to a rise of economically lower valued black heartwood specimens. The regional Azores government, in 1998, initiated a Forest Breeding Program in order to evaluate the genetic basis of the Azores sugi population. This program intended to improve the genetic species of Cryptomeria and to increase the productivity and quality of wood [4] .
In recent years, particular interest has been placed on the study of C. japonica essential oils (EOs) from Japan, Korea, Taiwan and China, with some significant activities being reported, such as antiulcer [5] , antifungal [6, 7] , antimicrobial [8] [9] [10] , cancer chemopreventive [11] , neuropharmacological [12] , antimosquito [13] [14] [15] , antitermite [16, 17] and insecticidal [18, 19] .
In a strategy of valorization of an unrecognized natural resource in the Azorean islands, the main purpose of this study was to find a promising potential use for the unutilized bark, foliage and wood leftovers of C. japonica, by obtaining and chemically identifying their EOs, as well as evaluating their antimicrobial activities against wood deteriorating fungi, human pathogenic fungi and bacteria. This is the first study reporting the composition of the EOs of the two different C. japonica populations, black and reddish heartwood trees, of Azores, Portugal (Faial island).
For these purposes, two tree sampling sites were chosen, taking into account sugi heartwood color, a physical property that could influence the composition of the EOs. The black heartwood population was assigned as A, and the reddish heartwood population as B. Table 1 shows the yields of obtained EOs from the different tissues of C. japonica analyzed.
Comparing oil yields, taking into account the heartwood color of each C. japonica specimen, the variation in the foliage of black heartwood trees was higher than in the oils of reddish heartwood foliage, based on fresh weight (A-1.1-1.9% and B-0.5-0.8%). For heartwood oils of both populations, the yields obtained showed little differences (A-0.6-2.0% and B-0.5-2.1%), with the same being observed for the barks (A-0.2% and B-0.1%). It appears that no significant relationship exists between the color of heartwood and oil yields. The sapwoods EO yield was extremely low (0.1%).
The 22 oil samples analyzed by GC were complex mixtures and, depending on the part of the plant, a range of 30 to 44 compounds were identified, totalizing a percentage variation of 94.6-99.5%. The compounds identified in the EOs from the different tissues analyzed, as well as theirs percentage limits, are shown in Table 1 . It can be seen that, from each individual sample in the same population, a larger range of percentage limits of each component among the foliage and heartwoods were detected. The isolation and characterization of the isomers (+)-phyllocladene and ent-kaur-16-ene allowed us to conclude that, among the EO components, ent-kaur-16-ene is clearly the unique compound that is present only in the reddish population, while its isomer, (+)-phyllocladene, exists in high amount in both populations.
-Pinene, ent-kaur-16-ene, sabinene, elemol and eudesmol isomers have also been identified in the leaves of C. japonica EOs from Taiwan [6, 15, 18, 19] and Korea [8] , although with different percentages than those found in Azorean oils. On the contrary, the main compounds identified in the EOs of the leaves of C. japonica from China were α-elemol (20.1%), kaur-16-ene (14.8%), β-phellandrene (6.0%) and β-elemene (5.9%) [20] . and B-1.4%). So, sesquiterpenes, both oxygenated and hydrocarbons, are the main group constituents for both bark EOs, although black barks had higher amounts of oxygenated sesquiterpenes than reddish barks.
Comparing the results obtained from Azores C. japonica EOs with those reported for the same species from other countries, deep differences, not only in chemical constituents, but also in their percentages, were observed. According to the study of Cheng et al. [14] , there is no apparent relationship between the age of C. japonica specimens and the chemical composition of the leaf EO from the same origin. Cheng also suggests that the discrepancy with other authors could be related with different seasons in which the samples were collected. Therefore, the differences observed in the Azorean EOs are probably due to specific microclimate and temperature of a Macaronesian region, in association with edaphic factors, and to the plant adaptation to this specific environment. Another important contribution to the differences observed in compound amounts among the several EOs analyzed could be the use of individual C. japonica specimens, instead of a homogenized mixture of foliage and woods. These results may provide useful information for further studies of EOs of C. japonica trees from other Archipelago islands.
C. japonica EOs from foliage, heartwoods and barks, together with the main compounds isolated from EOs, were tested for antimicrobial activity against human pathogenic bacteria and pathogenic and wood surface contaminant fungi. The antifungal evaluation is depicted in Table 2 . The fungus B. cinerea was inhibited by all EOs at a MIC of 100 µg/mL with fungistatic activity; inversely, the isolated compounds, (+)-phyllocladene, ent-kaur-16-ene and a mixture of elemol, cubebol and epi-cubebol did not display any antifungal activity (MIC > 200 µg/mL). The fungi F. circinatum and C. parasitica showed resistance towards all the samples tested. The wood surface contaminants A. niger and T. harzianum displayed a different behavior towards the tested samples, with almost all of them showing a moderate activity against the last fungus and being, in general, inactive against A. niger (MIC ≥ 200 µg/mL). All the oil samples tested inhibited the growth of C. cladosporioides and Cladosporium sp, with MICs between 100-200 µg/mL. Among the pure compounds, only a mixture of cubebol, epi-cubebol and elemol, from the heartwood EO, exhibited antifungal activity against Cladosporium spp. This result is significant, since sapstain fungi are responsible for wood deterioration processes.
Additionally, none of the EOs inhibited any of the human pathogenic fungi up to 250 µg/mL. Regarding the activity of the main compounds isolated from EOs, only sandaracopimarinal and a fraction enriched in elemol showed moderate MICs of 62.5 and 125 µg/mL, respectively, against C. neoformans ( Table 2 ). By taking into account this last result, we deepened the knowledge of the inhibition capacity of the oils and components by analyzing the percentage inhibition of C. neoformans by each sample at 250 µg/mL and by each two-fold dilution of this concentration up to 7.8 µg/mL (Table 3 ). It was shown that the EOs do not possess significant antifungal properties against C. neoformans, since the foliage EO inhibited only 15.6% of growth at 250 µg/mL (it is important to take into account that at least 50% inhibition is necessary to consider either an oil or a compound with antifungal properties). In contrast, some components of the oil showed interesting activities. Among them, (+)-phyllocladene and ferruginol, showed 50% inhibition at 250 µg/mL. In addition, sandaracopimarinal, which had a MIC 100 = 62.5 µg/mL, showed 50% of inhibition at 31.25 µg/mL. Also, the enriched fraction in elemol, which had a MIC 100 =125 µg/mL, showed a MIC 50 = 62.5 µg/mL. Furthermore, EOs of foliage and heartwood of C. japonica populations were tested in vitro against the sensitive strain H 37 Rv and a multidrug-resistant (MDR) strain of Mycobacterium tuberculosis ( Table 4 ). EOs of the foliage (MIC 25 µg/mL) proved to be more active than those of the heartwood (MIC 50 µg/mL), especially against the MDR strain. The main compounds present in these EOs were isolated and tested in the antimycobacterial assay. None of them alone was active against the sensitive H 37 Rv and MDR strain (MIC≥ 25 g/mL), except for (+)-phyllocladene and ent-kaur-16-ene, which showed a good activity (MIC 12.5 g/mL), against the latter strain. These results lead us to think that the antimicrobial activity of the EOs of foliage may be attributed to the presence of active compounds such as ent-kaur-16-ene and (+)-phyllocladene, and probably also to the synergetic effects between them and the proportions in which they are present within a complex mixture. This complexity makes it often difficult to explain the aforementioned activities, as well as relating them to specific compounds or mixtures present in oils. The use of the wastes produced by the C. japonica wood industry in Azores Archipelago, until now being only seen as disposable, can represent an extremely important commercial advantage for the islands economy. The amount of wood/foliage not used and lost in the fields is considerable, and the upscale of the oil production is relatively easy and inexpensive. only controls. Solvent (DMSO) was included in every experiment as a negative control. The plates were sealed in plastic bags and then incubated at 37C for 5 days. On day 5, 50 L of the tetrazolium-Tween 80 mixture 1.5 mL of tetrazolium [3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Aldrich Chemical Co., Milwaukee, WI) at a dilution of 1 mg/mL in absolute ethanol and 1.5 mL of 10% Tween 80 was added to the wells, and the plate was incubated at 37C for 24 h. After this incubation period, the growth of the microorganism was visualized by the change in color of the dye from yellow to purple. The tests were carried out in triplicate. MIC is defined as the lowest drug concentration that prevents the aforementioned change in color.
